
Enhancing the Learning Success of Engineering Students
by Virtual Experiments

Max Hoffmann(✉), Lana Plumanns, Laura Lenz, Katharina Schuster,
Tobias Meisen, and Sabina Jeschke

Institute of Information Management in Mechanical Engineering, Center for Learning and
Knowledge Management, RWTH Aachen University, Dennewartstrasse 27,

52068 Aachen, Germany
max.hoffmann@ima.rwth-aachen.de

Abstract. In a world that is characterized by highly specialized industry sectors,
the demand for well-educated engineers increases significantly. Thus, the educa‐
tion of engineering students has become a major field of interest for universities.
However, not every university is able to provide the required number of industry
demonstrators to impart the needed practical knowledge to students. Our aim is
to fill this gap by establishing Remote Labs. These laboratory experiments are
performed in Virtual Reality environments which represent real laboratories
accessible from different places. Following the implementation of such Remote
Labs described within our past publications the aim of this contribution is to
examine and evaluate possibilities of controlling Remote Labs from arbitrary
locations. These control mechanisms are based on the virtualization of two
concurrently working six-axis robots in combination with a game pad remote
controller. The evaluation of the virtual demonstrator is carried out in terms of a
study that is based on practical tests and questionnaires to measure the learning
success.

Keywords: Virtual reality · Remote laboratories · Game-based learning ·
Experiential learning · Virtual theatre · Immersion

1 Introduction

The current developments within the industry and engineering sciences triggered by the
Industry 4.0 pose major challenges for the education of engineering students in univer‐
sities all over the world. Faster evolving technologies and rapidly changing requirements
in industrial environments lead to rising demands in terms of practical education of
engineering students. In the course of traditional training methods, the practical educa‐
tion of students is mostly performed by the attendance to laboratory experiments or the
visit of factories and production sites. However, in terms of changing circumstances and
dynamically performed manufacturing execution the scope of laboratory experiments
and practical education has to be adopted to these novel requirements as well. It is the
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aim of this paper to demonstrate novel methods of imparting practical knowledge to
students considering the current developments within industrial reality.

One possibility of realizing these practical experiments without neglecting the
demands of the Industry 4.0 is to virtualize the experience of visiting laboratory classes
or manufacturing sites. In terms of these attempts, Virtual Reality simulations can be
carried out in order to create virtual environments that can be adapted according to the
current demands and demonstrator configurations. Another application of the described
Virtual Reality solutions is to recreate existing laboratory environments from the real
world and provide these environments as virtual demonstrators.

This application of Virtual Reality is referred to as Remote Laboratories and can be
integrated into the curriculum of students in order to allow engineering students from
arbitrary places to visit and experience laboratory environments that are not available
at their university or place of study. Prototypical implementations of these Remote Labs
have been carried out and examined in previous works of the author [1–3]. In terms of
these developments the suitability of creating practical learning environments for engi‐
neering students were examined in order to deliver the basis for carrying out virtual
experiments of real world demonstrators.

Based on our previous work, it is the aim of the current publications to describe,
examine and evaluate ways of direct interaction with real world demonstrators through
their virtual representation. Doing so, we extended an existing demonstrator with control
mechanisms and implemented remote control solutions for active interaction of a user
who is connected to the demonstrator by Virtual Reality tools. In order to evaluate these
interaction capabilities the paper is divided into several parts.

In Sect. 2 we will discuss the state of the art in Game-based Learning in connection
with laboratory experiments in the form of Remote Labs. Also, we will point out tech‐
niques to examine and create the didactical concepts needed to assess the learning
success of students that perform experiments in game-like virtual environments. In
Sect. 3, we will describe in detail the technical solutions that have been carried out and
implemented to reach full remote control of distant laboratory environments from arbi‐
trary places. In Sect. 4, the evaluation of the remote control capabilities takes place in
form of a study that have been carried out with students from different universities in
Germany. Section 5 summarizes the results and takes a look at further research oppor‐
tunities in the field of Remote Labs.

2 State of the Art

Based on the existing Remote Lab demonstrator that has been carried out and described
within our previous publications [1] the different mechanisms for the remote control of
these labs are of primary interest in this publication.

Accordingly, the state of the art section of this work deals with evaluation methods
that will be selected and implemented to evaluate the learning success of students that
are surrounded by virtual environments, thus in terms of a situation comparable to
game-based learning/serious gaming scenarios. The evaluation part is realized on the
basis of questionnaires that, on the one hand analyzes general suitability of the learning
methods for each test person, and on the other hand, assesses the learning success of
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each individual test person from the technical point of view while taking into account
their experience with digital media.

Virtuality-based learning (VBL) is a recent trend not only in engineering education.
It is closely related to game-based learning (GBL), which is defined as “[…] a type of
game-play that has defined outcomes. Generally, GBL is designed to balance subject
matter with game-play and the ability of the player to retain and apply said subject matter
to the real world” [4]. What is equal here is the digitalization of a pre-given-subject
matter, which has to be learned. The difference is that digitalized places do not neces‐
sarily need gamy elements in order to be useful. There is much more about using virtual
environments in education: The main advantage is that mistakes can be made without
any consequences, that contents are endlessly repeatable plus that it is extremely cost
saving. Thus, in terms of Remote Labs, students learn how to use a robot in a virtual
environment before actually using it.

Although the advantages of VBL seem to be obvious, the measurement of learning
successes presents a major challenge for the parties in charge. It is not only that the
learning effect per se needs to be measured, but whether the handling is so unproblematic
that users experience a sense of flow [5, 6] (a spontaneous sense of joy while performing
a not too easy, not too difficult task), (tele-) presence [7] (the feeling of being enabled
to act in this case in a remote lab) and finally immersion [8], the sensation of fully diving
into a virtual environment. Obviously, these possible experiences are highly dependent
on the user’s pre-knowledge (e.g., how to use the WASD plus mouse combination) and
his intrinsic technical readiness. The reason is that only users who can forget about the
handling of for example a controller can experience a sense of immersion. If they need
to look at it and think about the usage again and again, they will constantly be reminded
that they are solely performing a virtual task, which is non-existent in reality and might
thus attach less importance/meaning to it.

Another big problem in the measurement of subjective virtuality experiences is the
question whether to perform the tests quantitatively or qualitatively and which influence
the corresponding decision will have on the validity, transparency, causal interrelations
and reliability of the results. The usage of the questionnaires on subjective user senti‐
ments and self-assessment is a necessary step since these facts are not objectively
observable. The self-assessment questions help to relate the produced results to
behavior-parameters, which then lead to tentative conclusions concerning whether there
is an interrelation between user preferences/habits and VBL success.

For the pre-assessment of test-persons, the BIG Five questionnaire is named as the
most useful way to assess a test person’s personality traits. The entailed items cover
neuroticism, meaning emotional instabilities like fears and sadness, extraversion, the
willingness to be in the center of attention, openness to experience, meaning the will‐
ingness to learn, agreeableness, the general need to socialize and lastly conscientious‐
ness, the willingness to be disciplined [9]. For psychologists, alternative methods to
assess personality traits exist; however, in the end, they all come back to the big five
although they may be named differently (ibid.).

Another of the most contemporary assessment questionnaires is the MEC-SPQ on
general media exposure [10]. The main advantage is that it is highly flexible and may
entail eight, six or only four items per scale. It has been used in studies on mobile gaming
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[11], in the realm of computer gaming [12] and serious games, thus, in the area of game-
based learning [13]. So far, it is the only validated and highly consistent measurement
instrument on spatial thinking [10].

In addition to this, recent studies by Witte showed that the locus for control of tech‐
nology (KUT) questionnaire is a validated instrument to measure the performance of
test persons while being confronted with technical problems [14]. Burde and Blankertz
proved, that there is a correlation between a high score in the KUT and the performance
in technical handling [15].

However, besides assessing test persons, an overall system evaluation and technical
assessment of all technological devices is of utmost importance. Are software and hard‐
ware stabile? Do all components run as desired? Are there any known errors or problems
and can the program run ‘fluently’? [16]. Secondly, special attention must be paid to the
users: how is their first reaction to the virtual robot? Did they spontaneously know what
do to? Was there a lot of explanation necessary?

In sum, it must be concluded that the evaluation of virtuality-based learning is partly
problematic because of subjective user assessment, talent and perception, which cannot
be measured objectively. There is always the risk of users being afraid to truthfully state
their abilities or that they even overestimate their capabilities. Our approach addresses
this issue by creating an interplay between the estimated technical readiness of individual
test persons and their actual real-time learning progress. Accordingly, the risk of falsified
results due to inaccurate self-assessment of the test persons can be minimized.

3 Active Interaction for Remote Labs in Virtual
Reality Environments

The creation of fully interactive virtual environments is based on the VR techniques that
have been utilized by carrying out the technical and virtual environments of the remote
labs. To realize a fully capable Remote Lab several steps were performed, i.e.:

1. Virtualization of machines and plants in every detail for three-dimensional repre‐
sentation within virtual environments.

2. Embedding of three-dimensional objects into virtual environments to create a virtual
scenario, in which users can move around to exploit objects and the environment.

3. Setup and implementation of an information and communication infrastructure for
data exchange between real and virtual laboratory environments.

4. Enabling one-directional communication between the real laboratory environment
and its virtual representation in order to reproduce movements of the real world
demonstrator within the virtual demonstrator in real-time.

5. Enabling bi-directional communication by embedding control mechanisms and
devices for the real laboratory from VR experiments into the scope of the Remote
Lab.

The user can interact with the Remote Lab through various interfaces, e.g. the Virtual
Theatre described in [1] or other immersive technologies like the Oculus Rift. Figure 1
shows that a notebook together with a Head Mounted Display is a suitable environment.
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Fig. 1. Remote lab environment – The user is immersed into the scenario via the Oculus Rift

The first step of this procedure has already been described by Hoffmann et al. [2].
The virtual demonstrator that is used within the current work consists of two cooperating
six-axis robots that are placed on a table in order to perform concurrent tasks. The virtual
representation of the robots has been designed using modeling tools for computer
graphics and design. The modelling of the robots is performed by integrating a bone
structure into the virtual representation whereas the bones of the robot are connected
through joints. The meshing of this bone-joint-structure ensures the correct assignment
of the single parts in terms of parent and child nodes in order to recreate physically
realistic movements of the whole robot, i.e. if the root joint is moved, all subsequent
child nodes of the robot (bones and joints) are moved accordingly as well.

The embedding of these robots into a virtual environment is performed by the use
of a VR tool for virtual worlds, i.e. WorldViz Vizard as described in [1]. In terms of the
modeling, the different components, e.g. the robot table, both robots, the objects to be
treated by the robots as well as other elements like avatars or screens are included into
this virtual environment to create an immersive scenario for the user experiment.

The information and communication infrastructure (ICT) for Remote Labs has been
described in detail in [3] and is an integral part of the virtual laboratory experiment. The
ICT consists of the two cooperating robots, which are controlled by two manual control
panels and a computer that contains the Robot Operating System (ROS) environment.
Over a network architecture this operating computer is connected to other computers
that run the Virtual Reality simulation programs and are connected to VR simulators
like the Virtual Theatre as described in [17] or the Oculus Rift in combination with a
local client computer [18] as depicted in Fig. 1. The connection between the robot oper‐
ating computer and the VR simulation systems is established by making use of the
Protobuf Protocol interface for the exchange of robot information [19].

The ICT as described allows the one-directional communication between a robot-
focused laboratory experiment and a distant representation of this laboratory in terms
of a Remote Lab. Using the Protobuf interface standard the angles and joint positions
of the robots can be transferred over the network in real-time. Internal tests on the real-
time capabilities of such Remote Lab, which allows the observation of distant experi‐
ments, determined the maximum lag between reality and virtuality to 0.1-0.2 s.

Besides the graphical interface for the visualization of Remote Labs at distant places,
e.g. by making use of the Virtual Theatre, there are also interaction devices embedded
into the ICT. For our scenario we have chosen a common game pad controller, the
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Nintendo Wii™, as remote control device for the interaction of the user with the real
world demonstrator within the virtual environment. Using this game device, the robots
of the simulation and accordingly the real robots can be successfully manipulated. The
basic control functions are highlighted in Fig. 2.

Fig. 2. Nintendo Wii™ controller and basic functions for robot control

There are two control mechanisms that have been carried out for robot control, and
which are both based on the usage of the Wii™ gaming controller:

1. Direct kinematics for direct control of the joint angles for each robots.
2. Inverse kinematics for user control of the movement axis (X, Y, Z) whereas the joint

angles for the current robot position or moving trajectory are dynamically calculated
during the experiments.

In terms of the direct kinematics robot control method, each of the six angles of the
selected robot can be individually controlled using the “A” button for positive moving
direction and the “B” button on the back of the remote control for negative moving
direction. Using the “+” and “–“ signs the axes of the robot joints can be subsequently
selected. Using the buttons “1” and “2” the according robot can be selected. For direct
kinematics the cross on the top of the Wii™ is not used, as the head rotation is represented
by the sixth robot joint angle.

Concerning the inverse kinematics the “A” and “B” buttons are used to move the
robot claw in positive respectively negative direction of the X, Y or Z axis. The axes
are switched again using the “+” and “–“ signs on the controller. The “1” and “2” also
change the selected robot. The rotation of the robot head for inverse kinematics is
implemented using the control cross at the top of the remote control. For the dynamic
calculation of the single joint angle values suitable for the goal position or trajectory,
an inverse calculation method is used for determining the joint parameters. For our use-
case a MATLAB™ Toolbox has been adapted to the needs of the robot demonstrator.
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The scenario, in which the described robot control methods are being applied,
consists of a setup, where one of the robots has to be moved along a fixed path. This
path is represented by a wire. For conducting the experiment an eyelet is attached to one
of the robots. The task of the controlling person is to move the eyelet attached to the
robot along the wire, which forms a certain curve (see Fig. 3).

Fig. 3. The eyelet attached to the right robot has to be driven along the steel wire in the middle

The described task is performed through the Wii™ remote control either by making
use of the direct kinematic mechanism or by making use of inverse kinematics. In order
to assess these methods against each other, user studies were performed, which are
described in the following chapter.

4 User Studies for Examination and Evaluation of Control
Mechanisms for Remote Labs

4.1 Design of Experiment and Expectations

The aim of this study is to examine which of the previously described control mecha‐
nisms for six-axis robots is the most beneficial for the implementation in Remote Labs
especially with regard to an intuitive control and progress of learning as well as inves‐
tigating the effects of the sequent comparison of both mechanism.

We expect that students – especially those who are used to gaming – will prefer the
inverse control mechanism over the direct one, because it resembles their gaming expe‐
rience. Furthermore we expect that successful practice experience through the trainings
session will enhance the feelings of self-confidence and thus flow.

A representative number of engineering students from different advanced informa‐
tion science courses at multiple sophisticated, technical universities participated in the
study in order to evaluate the learning progress of the concurrent methods for remote
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controlling the robots. The objective of conducting the study is to assess the different
methodologies of control mechanisms suitable for engineering students.

The first part of the study is performed in cooperation with the Technical University
of Dortmund, where test persons were recruited. The second part of the study is carried
out in the course of a lecture with engineering students at the RWTH Aachen University.
The study consists of three questionnaires and two practical tests, namely the remote
control of the cooperating robots using direct and inverse kinematics. The sequence of
the tests (direct and inverse mechanism) is randomized, the participants are accordingly
assigned to either Group A or Group B. Participants who are assigned to group A start
with the inverse kinematics test whereas participants of group B start with the direct
kinematics test. Both user groups conduct both experiments, however in reverse order.
The intention of this approach is on the one hand to examine the learning progress of
the students during the experiments and on the other hand to equalize the effects of test
order. The study is implemented in six steps:

1. Theoretical input in terms of the study design and methods of examination.
2. Pre-questionnaire for general assessment concerning the personal background of the

test persons in terms of video game experiences and spatial thinking abilities.
3. First experiment using either inverse kinematics (Group A) or direct kinematics

(Group B).
4. Questionnaire for the assessment of the previous test.
5. Second experiment using either direct kinematics (Group A) or inverse kinematics

(Group B).
6. Questionnaire for the assessment of the previous test.

The first questionnaire is given to the participants before the experiment and is used for
a general classification of the test person. Whereas questions such as the frequency of
confrontation with digital games, the frequency of handling a console, whether the
participants are active member of a digital sodality and the amount of hours spend on
computer games a week are used to assess participants experience of gaming, individuals
visual-spatial imagination (in virtual surroundings) are examined by items of the FRS
[20] und questions of the subscale DSI of the MEC-Spatial Presence Questionnaire
(MEC-SPQ) [10] adapted to computer games. This scale was already used successfully
in previous studies and is characterized by fair quality criteria [21].

Besides this scale, items of the KUT [22] are used to assess participants locus of
control when confronted with technical problems. Additionally, questions of the BIG
Five Inventory [23] are used to assess subjects’ personality and psychological biases, to
get a broad picture of the participants.

The second and third questionnaire are used to assess the students’ technical evalu‐
ation of the currently performed tests as well as their experience of learning progress
while working. Participants are asked to rate the feasibility, advantages and disadvan‐
tages and the control of the just practiced remote mechanism as well as adapted questions
concerning the experience of absorption due to the experience of flow [24]. A mental
state of operation in which the individual, who is performing the task, is fully involved
and immersed by feelings of energized focus [25]. All questions are presented on a
seven-point scale, ranging from 1 = total disagree to 7 = total agree.
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4.2 Correlational Approach

To gain further inside of the relationship between the individual gaming experience,
such as hours of gaming per week and the evaluation of the control mechanism as well
as learning progress during the experiment, the correlation between the pretest data was
calculated. Data were analyzed with IBM SPSS statistics software. The results are
visualized in Fig. 4 in form of a graph that shows the strength of each correlation.

Fig. 4. Correlation between amount of weekly gaming hours and evaluation of remote control

The correlational approach shows that subjects with more playing hours per week
evaluate the inverse kinematics approach better than the direct one, but only if the inverse
control mechanism is the initial one. There is no significant correlation between hours
played a week and an appreciation of the direct mechanism, neither as first test nor as
second test.

Further differences between the two participant groups were analyzed with a multi‐
variate ANOVA, where each group served as a between-subject factor. The assumption
of homogeneity of variances is investigated with Levene’s test and shows no significant
violations of the assumption for the dependent variable. Inspection of histograms show
no significant deviations from normality for the rating of two groups. The analysis shows
no main effect of rating due to group assignment, F(1, 12) = 1.49, p = .266, but additional
analyses of the within-subject factor task-order show significant differences (p = < .05)
between the two tests in both groups (see Table 1).
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Table 1. Results of the significance analysis of Remote Lab control mechanisms

Group A Group B

inverse direct

Test 1 M 4.44 4.20

SD .98 1.38

direct inverse

Test 2 M 4.84* 4.84*

SD .99 1.63
* = p < .05, M = Mean, SD = Standard deviation

Statistical analyses reveal that the participants show no significant differences in
preference due to both remote mechanisms. In both groups, the second remote mecha‐
nism is rated significantly higher in preference than the first one, regardless of group
membership. The subscale experienced learning progress is rated above the mean, in
particular after the second testing session for the group that starts with the inverse
mechanism (M = 5.33; SD = 1.75) respectively the group that starts with the direct
mechanism (M = 4.45; SD = 2.05). These present findings do not confirm the hypothesis
that students prefer the inverse mechanism in statistical terms, despite the fact that the
mean values of the inverse mechanism are slightly higher than those of the direct mech‐
anism. However, the results emphasize the importance of learning experience in both
groups.

Thus, it can be concluded from these results, that the experience of flow and students’
valuing of technical mechanism increase over time and are depending on practical expe‐
rience and learning progress rather than a specific task mechanism per se.

5 Conclusion and Outlook

The aim of this work is to assess different mechanisms for the remote control of labo‐
ratory environments at arbitrary places. Based on an existing Remote Lab environment,
direct and inverse kinematics control schemes have been carried out and implemented
in order to enable the control of two cooperating six-axis robots.

The assessment in terms of the learning success lead to the result that there is not a
significant preference for one of the two control mechanisms. However, the inverse
kinematics – as expected – has been evaluated slightly better in comparison to the direct
specification of joint angles. The study has also shown that the learning effect is equally
good using both control methods, hence, both user groups evaluated the second test as
preferable to the first one as they gained more self-confidence in controlling the robots
during the progress of the study.

During the next steps in enhancing the usability and application of Remote Labs, it is
our aim to enable a direct manipulation of the laboratory environment that can be located
at arbitrary places. This real laboratory will be moved in real-time and accordingly to the
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exact digital representation, thus unexpected states of the experiment can be reached in the
simulation similarly to the real-world demonstrator. In order to ensure the safety during
these remote operations, a collision avoidance system based on the inverse kinematics
implementation will be carried. Using this security layer, Remote Labs at arbitrary places
can be independently controlled by users from Virtual Reality simulators from various
locations. This will enable a holistic coverage of laboratory experiments for universities all
over the world.
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